Purpose: Unintentional intravascular bupivacaine injection is known to be associated with treatment-resistant cardiovascular collapse. Therefore, it is important for safe anesthetic management to establish an early sign of bupivacaine-induced cardiac depression with available monitoring. We hypothesized that bupivacaine induced-cardiac depression in dogs could be detected early by analyzing the electrocardiogram (ECG). We performed this study to investigate changes of ECG and ultimately find a variable reflecting cardiac output (CO) changes in dogs with bupivacaine-induced cardiac depression.
Purpose: Unintentional intravascular bupivacaine injection is known to be associated with treatment-resistant cardiovascular collapse. Therefore, it is important for safe anesthetic management to establish an early sign of bupivacaine-induced cardiac depression with available monitoring. We hypothesized that bupivacaine induced-cardiac depression in dogs could be detected early by analyzing the electrocardiogram (ECG). We performed this study to investigate changes of ECG and ultimately find a variable reflecting cardiac output (CO) changes in dogs with bupivacaine-induced cardiac depression.
Methods:
Bupivacaine was infused into pentobarbital-anesthetized dogs (n = 9) at a rate of 0.5 mg·kg -1 ·min -1 for 30 min. R-wave, S-wave and T-wave amplitudes in leads I, II and III were measured every five minutes after the start of bupivacaine infusion, and electrical axes of the heart were calculated at each time. The PR interval, QRS complex duration and corrected QT interval were also measured. CO, mean arterial blood pressure and heart rate were recorded at five-minute intervals. The relationships between CO and ECG wave parameters and of CO vs the hemodynamic variables were compared by correlation coefficients and regression analysis.
Results:
The electrical mean axis of the heart was deviated to the left by the bupivacaine infusion. S-wave in lead III increased approximately twice within the first five minutes and showed the closest correlation with CO (r = 0.751, P < 0.001) during 30 min bupivacaine infusion.
Conclusion:
Close monitoring of an ECG, and especially the Swave amplitude in lead III can be helpful for the early detection of bupivacaine-induced cardiac depression in dogs. Furthermore, bupivacaine-induced cardiotoxicity has been known to be difficult to treat. 3, 4 Therefore, early recognition of the signs of bupivacaine-induced cardiac depression is helpful for safe anesthetic management. Bupivacaine is generally used during regional anesthesia with only essential monitoring such as blood pressure and the electrocardiogram (ECG). The bupivacaine infusion reduces cardiac output (CO), which has been associated with an increase in plasma bupivacaine concentration. 5 Mean arterial blood pressure (MAP) is not useful for the early detection of bupivacaine-induced cardiotoxicity because it is often maintained until the development of cardiovascular collapse, 5, 6 and heart rate (HR) is not correlated with CO when bupivacaine is administered parenterally in humans. 7 Although mixed venous oxygen saturation (SvO 2 ) is correlated with CO decrease in the early bupivacaine-induced cardiotoxicity, 5 a simple and commonly used monitor capable of early detection of bupivacaine-induced cardiac depression would be preferable.
Objectif : L'injection
Bupivacaine causes cardiac depression that is associated with conduction block by a cardiac sodium channel blockade. 8 Bupivacaine also decreases the maximal rate of depolarization in Purkinje fibres. 9, 10 The mean electrical axis of the heart and ECG shape are influenced by the properties of the conduction system and cardiac muscle, and this may manifest differently according to different leads of the ECG. Bupivacaine infusion increased ECG intervals 5, 11 and decreased the R-wave amplitude in lead II. 6 We assumed that the changes of ECG morphology according to different leads are possible indicators for the early detection of bupivacaine-induced decreases in CO. The purpose of this study is to investigate changes of the ECG variables in leads I, II and III when CO decreases with bupivacaine infusion, and to establish a new variable for detecting early bupivacaine-induced cardiac depression.
Methods
Our study received approval from the Animal Care and Use Committee of the Seoul National University College of Medicine. Nine male mongrel dogs (19-25 kg) were anesthetized with thiopental sodium 10 mg·kg -1 iv followed by a continuous infusion of 5 mg·kg -1 ·hr -1 sodium pentobarbital. The dogs were placed supinely in a V-shaped operating table with the legs tied to its sides to maintain uniform body and limb position. The trachea was intubated with an internal diameter 7.5 mm cuffed endotracheal tube. Vecuronium 0.2 mg·kg -1 was injected, and this was followed by 0.02 mg·kg -1 at 30 min intervals. Mechanical ventilation with 100% O 2 was provided to maintain normocarbia. Normal saline was infused at a rate of 5 mL·kg -1 ·hr -1 throughout the experiment. The cardiac rhythm and HR were recorded for digital ECG analysis (MAC 8®, Marquette, Milwaukee, WI, USA) and monitoring (Hewlett-Packard Model 54S, Andover, MA, USA) every five minutes. Percutaneous 20 G polyvinyl catheters were inserted into both femoral arteries to continuously monitor arterial blood pressure and to obtain blood samples. The femoral arterial pressures were recorded at fiveminute intervals during the study. A pulmonary artery catheter (Opticath®, P 7110-EH, Abbott, Chicago, IL, USA) was inserted via the external jugular vein and CO was measured in triplicate using the thermodilution method. Body temperature of the dogs was maintained at 37 to 38°C using a heating blanket and warmed fluid. The dogs were stabilized for 30 min before the start of the bupivacaine infusion.
After having measured the baseline variables, 0.5% bupivacaine was administered through a peripheral iv line at a rate of 0.5 mg·kg -1 ·min -1 . At the same time, sodium bicarbonate was infused via a pulmonary artery catheter at a rate of 2 to 4 mmol·kg -1 ·hr -1 to maintain the arterial pH at 7.35 to 7.45. Bupivacaine was administered continuously for 30 min; this was defined as the early period of bupivacaine cardiotoxicity based upon a previous study. 5 CO, HR, MAP, mean pulmonary artery pressure (MPAP), pulmonary artery wedge pressure (PAWP) and central venous pressure (CVP) were measured every five minutes for 30 min after the start of the bupivacaine infusion. At the same time, the PR interval, QRS duration and the QTc interval were digitally measured with a resting ECG analysis system. R-wave, S-wave, and T-wave amplitudes in leads I, II and III were measured during the expiratory period at five-minute intervals. The electrical axes of the heart were calculated by the sum of leads I and III vectors in the hexaxial reference system. Hemoglobin concentration was measured at the baseline, and arterial blood samples were obtained every ten minutes for blood gas analysis, and measurement of serum Na + , K + and plasma bupivacaine concentrations. Blood samples for the bupivacaine concentration assay were centrifuged at 2500 rpm for 20 min and the plasma was stored at -20°C until the time of analysis. The bupivacaine concentration was measured by high-performance liquid chromatography using an ultraviolet detector at a wavelength of 204 nm with a low limit of sensitivity of 4 ng·mL -1 .
12
We compared changes with baseline values at fiveminute intervals. Analysis of variance for repeated measures with simple and repeated contrast was used to evaluate the changes over time. Pearson's correlation coefficients for all variables were calculated to test their relationship with CO, and linear regression analysis was performed with the most correlated variable. Probability values < 0.05 were accepted as significant. SPSS version 11.5 (SPSS Inc., Chicago, IL, USA) was used for statistical analysis.
Results
The hemoglobin concentration at baseline was 9.2 ± 1.1 g·dL -1 . Arterial blood gas analysis showed a pH between 7.34 to 7.48, PaCO 2 34 to 42 mmHg, and the PaO 2 445 to 521 mmHg during the study. Plasma Na + (145-152 mol·L -1 ) and K + (3.6-4.4 mol·L -1 ) were within accepted physiologic levels throughout the experiment. The bupivacaine infusion was associated with a 20% decrease in CO (P < 0.05) and 8% decrease in HR from the baseline values (P < 0.05) during the first five minutes. MAP slightly increased during the first five minutes and then it remained at baseline values until 30 min. Ten minutes after initiation of the bupivacaine infusion, significant increases were observed for the MPAP (P < 0.05). PAWP and CVP increased significantly after five minutes and ten minutes respectively (P < 0.05). Mean plasma bupivacaine concentrations increased over time with the bupivacaine infusion (Table I) .
No animal had pathologic arrhythmia at baseline. During the bupivacaine infusion, significant changes were observed in the intervals and amplitudes ( Figure  1 ). Significant increases were seen in the PR interval and QRS complex (approximately 13% and 45% respectively) within five minutes, and in the QTc interval after ten minutes. The mean electrical axis of the heart deviated to the left and ECG shape changed differently according to leads. The R-wave amplitude in lead II showed a difference from the baseline value after 20 min. The R-wave amplitude in lead III increased at five minutes and it returned to the baseline value after ten minutes. S-wave amplitudes in leads I and II differed significantly from baseline values after ten minutes, and the S-wave amplitude in lead III increased twice during the first five minutes. Significant increases were observed in the T-wave amplitudes in leads II and III at five minutes (about 52% and 72% respectively), (Table II) . Amongst the variables which changed during the first five minutes, CO (L·min -1 ) 4.1 ± 1.1 3.3 ± 1.2* † 2.7 ± 0.9* † 2.5 ± 0.9* † 2.3 ± 1.0* † 1.9 ± 0.9* † 1.6 ± 1.0* † 1 HR (beats·min the S-wave in lead III showed the closest correlation with CO ( Figure 2 ).
Discussion
We performed this study to investigate the hemodynamic and electrophysiologic response associated with CO changes during bupivacaine-induced cardiac depression in dogs. The results indicate that the change of S-wave amplitude in lead III is closely correlated with the CO decrease observed with bupivacaineinduced cardiac depression. In order to detect early bupivacaine cardiotoxiciy, the variable should change with small amounts of bupivacaine and be well correlated with the resultant CO decrease. S-wave amplitudes in lead III increased by approximately 100% from the baseline value during the first five minutes, and correlated with a decrease in CO during the 30 min of bupivacaine infusion. In this respect, the S-wave amplitude in lead III may be a useful surrogate marker of impending bupivacaine cardiotoxicity. We infused bupivacaine for 30 min, which was defined as the early phase of bupivacaine cardiotoxicity in a previous study 11 where dogs receiving 0.5% bupivacaine at a rate of 0.5 mg·kg -1 ·min -1 for 30 min recovered spontaneously, after the cessation of bupivacaine infusion.
Local anesthetics have been shown to induce an excitement state that increases MAP or HR, and this may complicate interpretations. 13 In this study, MAP did not decrease during the bupivacaine infusion, as observed in our previous report. 5 Contrary to another investigation, 7 HR decreased with small doses of bupivacaine, which probably resulted from a reduction of the neurologic and hormonal responses of the anesthetized animals. No evidence of seizure activity was observed, nor sudden increases of HR, MAP, CO and motor movement.
Nystrom et al. observed that the R-wave amplitude in lead II correlated with the amount of bupivacaine infused in pigs. 6 We also confirmed the lead II R-wave amplitude correlated with CO during bupivacaineinduced cardiac depression. However, R-wave amplitude in lead II increased modestly within the first five minutes of bupivacaine infusion. In addition we investigated all changes of ECG waves, including the Swave in all bipolar limb leads, and found that amongst the standard leads I, II and III, the S-wave amplitude in lead III most closely correlated with CO changes in dogs with bupivacaine-induced cardiotoxicity.
Although the study was not designed to evaluate mechanisms, the conduction delay or defect accompanied with the left axis deviation may be the reason whereby the S-wave amplitude in lead III showed a high correlation with CO decrease. The orientation of the mean electrical axis is determined by the interaction of three factors: the anatomical position of the heart in the chest, the properties of the cardiac conduction system, and the activation and recovery properties of the myocardium. The major influences on the mean electrical axis are the properties of the conduction system and the cardiac muscle. Bupivacaine provokes a disturbance of sodium channels throughout the heart, and this leads to decreased conduction speed across the conduction system, or in response to a conduction block. 8, 14 There might be preferential binding sites of bupivacaine within the conducting system. The impaired depolarization of the myocardium associated with the uneven intraventricular conduction defect may change the orientation of electrical heart axis and transform the QRS complex into the decreased R-wave amplitude and increased S-wave amplitude with subsequent prolongation of the PR and QRS intervals. Bupivacaine impairs the repolarization by blocking the potassium channels, 15 and this could possibly affect the T-wave amplitude. Intravascular bupivacaine is associated with increased T-wave amplitude in cats or children. [16] [17] [18] Actually, intravascular injection of lidocaine (3.6 mg·kg -1 ) plus bupivacaine (0.9 mg·kg -1 ) without epinephrine increased not only T-wave but also S-wave in lead II in a sevoflurane-anesthetized child. 18 This study was performed in anesthetized and ventilated dogs that received continuously bicarbonate and 100% O 2 , where cardiotoxicity was induced by a continuous infusion of bupivacaine. Accordingly, there may be some limitations in translating our results directly to human subjects. ECG data from dogs have relatively larger variation than that of humans. Second, the fixed rate infusion of bupivacaine produces differences between plasma concentration and effect site concentration for relatively brief (30 min) infusions. Finally, anesthesia may obliterate the neurologically mediated cardiovascular response and central nervous system toxic symptoms that precede the cardiovascular response. Despite these limitations, it is our view that careful observation of the ECG is a practical and simple method for detecting early bupivacaine-induced cardiotoxicity. In conclusion, our results suggest a potential clinical application for choosing the lead III S-wave as a surrogate marker of early bupivacaine-induced cardiotoxicity. FIGURE 2 Relationship between cardiac output (CO) vs S-wave amplitude or R-wave amplitude in lead III S-wave amplitude (P = 1.37 × 10 -12 ) reflected CO more precisely than R-wave amplitude (P = 1.91 × 10 -5 ) in dogs with bupivacaine-induced cardiac depression.
